ABSTRACT
is dominant in the former series, while the opposite stresses or bond strains are found in the latter. Intersite charge transfer transition temperatures are strongly dependent upon the global instability indices that represent the structural instability calculated from the bond valence sum, whereas the charge disproportionation occurs at almost identical temperatures, regardless of the magnitude of structural instability. These findings provide a new aspect of the structure-property relationship in transition metal oxides and enable precise control of electronic states by bond strains.
INTRODUCTION
Transition metal oxides have been extensively investigated because of a rich variety of interesting properties. 1 Together with nominal valence tuning using chemical substitutions and cation/anion vacancies, the adjustment of local structure such as metal-oxygen bond lengths and bond angles is a key element to achieve fascinating properties. Several kinds of indices are proposed for characterizing crystal structures of compounds. Brown's bond valence model 2,3 is widely used for estimating not only nominal valences but also the structural stability of certain compounds. The bond valence sum (BVS) is calculated from cation-anion bond lengths, and in normal cases, it matches the formal ionic valence. A difference between BVS and the ionic valence is called a bond discrepancy, which represents a steric bond strain, and their root mean square in the formula unit, global instability index (GII), 3 can be used to empirically evaluate structural instability. [4] [5] [6] Iron-based perovskites A 2+ Fe 4+ O 3 (A: Ca, Sr, Ba), which include unusual high valence Fe 4+ ions, are known to demonstrate versatile electronic properties with structural modifications. The simple cubic perovskite SrFeO 3 has a metallic conductivity down to low temperatures and displays complicated spin structures, [7] [8] [9] which are different from the isoelectronic Mn 3+ -based perovskites with 3d 4 electron configuration because of the difference in the charge transfer energy (energy for ligand-to-metal electron transfer), Δ CT . The Δ CT is positive for Mn 3+ (+1.8 eV) and negative for Fe 4+ (-3 eV). 10, 11 The synchrotron X-ray powder diffraction (SXRD) experiments were performed at the BL02B2 beamline of SPring-8, Japan using samples contained in Lindemann glass capillary tubes with an inner diameter of 0.2 mm. The wavelength used was determined to be 0.42085 Å using a CeO 2 standard. Structure parameters were refined by Rietveld analysis using the program RIETAN-FP. 33 The crystal structures were drawn using the VESTA software. 34 An absorption correction was not considered in the refinement because the absorption effect was expected to be negligibly small. by the standard four-probe method using a Quantum Design Physical Properties Measurement System (PPMS).
RESULTS AND DISCUSSION
We successfully obtained high-quality samples of LnCu 3 Fe 4 O 12 (Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), and using X-ray diffractometry we were able to split them into two classes. The valence states of the LnCu 3 Fe 4 O 12 were investigated using the bond valence method. 2 Rietveld refinement was conducted based on the SXRD data at temperatures between 100 and 450 K. Table 1 lists the structure parameters
obtained from Rietveld refinement for the data at 300 K (also see the SXRD profiles and the fitting results in Figure S2 of the Supporting Information). A stoichiometric model was adopted for simplicity because structural disorders in these compounds were expected to be insignificant, though a few atom % of Fe ions incorporated into the Cu sites were confirmed by Mössbauer spectroscopy (shown later). The Rietveld refinement at this temperature gave excellent reliability factors and a goodness of fit (GOF), showing R wp < 8%, R B < 2%, and GOF < 1. Several compounds (Ln = Gd, Tb, Dy, Ho) contained very small amounts (1-3%) of isostructural secondary phases. These phases are presumably attributed to off-stoichiometry and/or crystallites strained by external stress, which may unexpectedly give rise to other types of phase transitions, and therefore we exclude secondary phases from the discussion. Table 2 lists the structure parameters obtained from Rietveld refinement for the data at 100 K (see also the SXRD profiles 9 and the fitting results in Figure S3 in the Supporting Information instead of CT transitions.
The 57 Fe Mössbauer spectroscopy data confirmed the above-mentioned structure analysis results. Figure 3 shows Mössbauer spectra for selected LnCu 3 Fe 4 O 12 compounds (Ln = Eu, Tb, Dy, Lu) at 4 K and at room temperature, and their hyperfine parameters are listed in Table 3 . For all of the compounds, a primary component is a singlet with an isomer shift (IS) of 0. shows that a large thermal hysteresis exists in the CT transitions due to their first-order characteristics, while the thermal hysteresis in the CD transitions is negligibly small (see the inset of Figure 6b ). 
CONCLUSIONS
We investigated low-temperature electronic phases of 
7.42874(6) 7.40361(7) 7.34783(6) 7.33892(6) 7.33641(8) 7.33184(9) 7.32212(6) 7.31441(5) 7.31337(6) 7.31041(6) 7.30930 (7) 7.30638(6) 7.30335 (6) y ( 
2.61 (14) 3.33 (14) 2.76 (14) 3.25 (13) 4.06 (13) 3.87 (13) 3.65 (11) 4.24 (11) 4.92 (11) 5.38 (12) 5.56 (12) 6.22 (11) 6.99(11)
6.01 (15) 5.78 (16) 6.45 (16) 6.43 (15) 6.80 (16) 5.68 (15) 6.66 (14) 5.68 (14) 5.79 (14) 5.67 (14) 5.78 (15) 5.71 (14) 5.66(13)
3.58 (13) 3.61 (14) 3.07 (14) 3.01 (14) 3.18 (14) 2.79 (13) 3.07 (12) 3.02 (12) 2.86 (12) 2.95 (13) 2.97 (13) 3.21 (12) 2.92(12)
3.5 (6) 3.9 (6) 5.7 (7) 5.3 (6) 5.6 (7) 5.0 (6) 5.8 (6) 6.6 (6) 6.0 (6) 5.6 (6) 4.8 (7) 6.5 (6) 4.8 (6) Ln-O (×12) (Å) 2.633 (2) 2.610 (3) 2.579 (3) 2.569 (2) 2.574 (2) 2.563 (2) 2.548 (2) 2.550 (2) 2.548 (2) 2.547 (2) 2.534 (2) 2.536 (2) 2.5354 (19) Cu-O (×4) (Å)
1.889 (2) 1.888 (2) 1.935 (2) 1.937 (2) 1.935 (2) 1.937 (2) 1.939 (2) 1.938 (2) 1.937 (2) 1.933 (2) 1.938 (2) 1.941 (2) 1.9397 (19) Cu-O (×4) (Å) 2.825 (2) 2.827 (3) 2.785 (3) 2.786 (3) 2.780 (3) 2.787 (2) 2.793 (2) 2.785 (2) 2.785 (2) 2.787 (2) 2.797 (2) 2.791 (2) 2.789 (2) Fe-O (×6) (Å) (6) x ( (5) 2.38 (6) 1.24 (3) 1.45 (3) 1.95 (10) 1.94 (11) 2.10 (10) 2.81(9)
3.99 (13) 3.48 (15) 3.27 (15) 3.42 (14) 3.69 (16) 2.86 (8) 2.41 (8) 3.07 (4) 2.97 (3) 2.85 (13) 3.23 (14) 2.99 (13) 3.22(11)
1.68(12)
1.68 (13) 1.46 (13) 1.52 (13) 1.66(14)
1.59 (4) 1.11 (4) 1.44(3) 2.23 (11) 2.12 (11) 3.58 (10) 3.24 (8) 2.8 (7) 3.6 (7) 3.7 (7) 2.8(6) TOC image
